We study the optical tunability of the charge carrier type in InAs/GaSb double quantum wells with its type-II broken band alignment and inverted band structure. Under constant optical excitation, the majority charge carrier type switches from electron to hole. Within the majority charge carrier type transition, the coexisting minority charge carrier contribution indicates electron-hole hybridization with a nontrivial topological insulating phase. The optical tuning is attributed to the negative photoconductivity of antimonide materials in combination with a persistent charge carrier buildup of photogenerated charges at the surface and substrate side of the device, respectively. Our study of the tuning of an InAs/GaSb double quantum well heterostructure reveals that an electro-optical switching is possible and paves the way to an optical control of the phase diagram of InAs/GaSb topological insulators.
(Received 15 March 2018; revised manuscript received 14 May 2018; published 16 July 2018) We study the optical tunability of the charge carrier type in InAs/GaSb double quantum wells with its type-II broken band alignment and inverted band structure. Under constant optical excitation, the majority charge carrier type switches from electron to hole. Within the majority charge carrier type transition, the coexisting minority charge carrier contribution indicates electron-hole hybridization with a nontrivial topological insulating phase. The optical tuning is attributed to the negative photoconductivity of antimonide materials in combination with a persistent charge carrier buildup of photogenerated charges at the surface and substrate side of the device, respectively. Our study of the tuning of an InAs/GaSb double quantum well heterostructure reveals that an electro-optical switching is possible and paves the way to an optical control of the phase diagram of InAs/GaSb topological insulators. DOI: 10.1103/PhysRevB.98. 041301 Topological insulators (TIs) are a state of matter, characterized by an insulating bulk but gapless helical surface or edge states [1] [2] [3] [4] . In 2007, the first successful experimental demonstration was realized in HgTe/CdTe quantum well heterostructures, when König et al. [5] provided experimental evidence of two propagating edge states leading to a quantized conductivity of 2e 2 /h (e: elementary charge; h: Planck constant) in the topological regime. For this particular material system, a trivial insulating regime is present below a critical HgTe layer thickness d crit and the topological insulator regime with its inverted band alignment is observed for quantum well thicknesses exceeding d crit . Hence, the transition between the two regimes depends on the quantum well thickness. This, however, limits the device variability and tunability via external control parameters as the quantum well thickness is adjusted in the epitaxial growth process. Such device variability and tunability via external electric fields is of key importance for exploitation in devices, which is offered by the predicted topological insulator based on InAs/GaSb double quantum wells (DQWs).
InAs/GaSb DQWs have a type-II band alignment in which the hole and electron states are spatially separated and mainly localized in the GaSb and the InAs layers, respectively. Indeed, it was predicted that this material system could be a topological insulator [6] . The alignment between the electron and hole state in this system can be controlled by external electric fields, making it, in principle, possible to tune between the topological insulating phase, i.e., hole states are energetically above the electronic states, and the trivial insulating phase, when the electron state is above the hole state. Despite many investigations [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , a fully convincing demonstration of helical edge states in the topological insulating phase in this material system is still elusive, although the tunability between normal to topological nontrivial insulating phases was proven with a dual gated approach [14] . Due to the peculiarities of the so-called 6.1Å material system (InAs, GaSb, and AlSb), e.g., the Fermi level pinning of InAs in the conduction band [22] [23] [24] , additional parasitic surface conducting properties of oxidized antimonides [25] [26] [27] , and the leakage currents of the back gate via defect states [28] make it difficult to analyze transport phenomena in InAs/GaSb DQWs and to observe topological nontrivial phases via a dual gating approach.
In this study, we utilize optical excitation to show that the transport regime of InAs/GaSb double quantum wells can be tuned from electronlike to holelike without needing any external electric fields. For constant optical excitation and short illumination times, the transport is dominated by electrons, while for long illumination times the transport is dominated by holes. At an intermediate value of illumination time-it is in the switching area-both carrier types are present simultaneously, indicating electron-hole hybridization with a nontrivial topological insulating phase. The results of optical gating are similar to the data shown for the dual electrical gating approach [14] . The optically induced dual gating of InAs/GaSb double quantum wells may amend for leakage currents in this material system and pave the way toward electro-optical applications utilizing the topological insulating phase in InAs/GaSb double quantum wells.
Figure 1(a) shows an electron microscopy image of the studied heterostructure with the InAs/GaSb double quantum well residing about 50 nm below the surface. The heterostructure was grown by molecular beam epitaxy on an n-doped GaAs substrate with GaSb quasisubstrate [29] . For growth details, see the Supplemental Material [30] . The simulated valence and conduction band profiles of the studied heterostructure are shown in Figure 1 (b) [31] . The InAs and GaSb quantum well thicknesses (12 and 10 nm) are chosen, to ensure band inversion between the hole level (h + ), residing on the GaSb side of the DQW, and the electron level (e − ), residing on the InAs side of the DQW. From the numerical simulation, the energy difference between the hole and electron level is calculated to be ≈18 meV at the -point and the hybridization opens a gap at k cross ≈ 0.1 nm −1 . After the epitaxial growth process, a standard Hall bar layout was fabricated. The Hall bar dimensions used within this study are 20 µm by 60 µm (width, length) and, if not stated explicitly otherwise, all measurements presented in this study were obtained at 4.2 K. For the optical illumination, two light-emitting diodes were used that emit photons with energy 1.80 eV (Red-LED) and Figure 2(a) shows the Hall resistance R xy (black) and longitudinal resistance R xx (blue) as a function of illumination time, recorded for a constant applied magnetic field of B = 2 T. For the depicted measurement, the Red-LED was switched on at t = 0 s and the Hall bar was illuminated permanently up to t = 70 s at a constant Red-LED light power. During the illumination time, R xx and R xy were recorded simultaneously. Initially and without optical excitation (i.e., at t = 0 s), the value of the longitudinal resistance is R xx = 7.5 k . The positive Hall resistance indicates that electrons are the majority charge carriers. Under constant optical excitation, R xx increases and peaks at an illumination time around t ≈ 28 s with a maximal resistance value of R xx,max = 33.5 k . Longer light exposure times lead to a reduction of the longitudinal resistance until R xx reaches a saturation value of about R xx = 14.5 k at In the electron regime, corresponding to low illumination times, the Hall resistance curves show well pronounced integer quantum Hall plateaus. In the hole regime, corresponding to high illumination times, the Hall resistance shows distinct two-carrier transport with a sign reversal of the Hall resistance at about B = 0.5 T. t = 70 s (end of the light exposure). The corresponding Hall resistance measurement shows that a sign reversal of the Hall resistance from t = 0 to 70 s occurs and that the majority charge carrier type switches from electrons to holes. This transition with a vanishing Hall resistance occurs at the peak position of the longitudinal resistance, i.e., at an illumination time of t ≈ 28 s. The maximal longitudinal resistance was also measured for different temperatures and fitted by an Arrhenius function 1/R xx;max ∝ exp(−E gap /2k B T ) [11, 18] . For temperatures down to 10 K we derive E gap = 11.0 meV and T gap = 128 K. E gap compares well to the inversion gap of 18 meV. Additional data is shown in the Supplemental Material [30] . After the light was switched off at the R xx,max value, the value was stable even after 18 hours. To switch back to the initial longitudinal resistance value after light exposure, tens of microwatt electrical power is needed (for at least 10 min) to restore the initial value. Figure 2 (b) shows magnetic-field-dependent Hall resistance measurements as obtained for eight illumination times as indicated in Figure 2(a) (labels 1-8, color coded) . Prior to each magnetic-field measurement, the sample was illuminated for a fixed amount of time, e.g., 10 s for point 2. Then, the illumination was switched off and the Hall resistancemagnetic-field measurement was performed. After the measurement, the LED was switched on again, e.g., 12 s for point 3 (in total: 22 s exposure time), and the next Hall resistance-magnetic-field measurement was performed. For short illumination times (points 1 and 2), the Hall resistance shows well pronounced integer quantum Hall plateaus at multiples of the resistance quantum R k = h/e 2 . Although the Hall resistance traces seem to evolve perfectly linear at low magnetic fields, a weak nonlinear slope is observed that indicates already the existence of a minority hole density. For points 3 and 4, slightly left-handed to the R xx,max peak position at t ≈ 28 s, the Hall resistance becomes evidently nonlinear at low magnetic fields and is well reduced compared to Hall resistance values obtained at shorter illumination times (points 1 and 2). This indicates that although the majority charge carriers are electrons, a non-negligible minority hole carrier density starts to evolve. For illumination times around the peak position of R xx (points 5 and 6), the Hall resistance changes sign and is positive below magnetic-field values of 1 T (point 5) and 0.5 T (point 6), and negative above B > 1 T. The majority charge carrier type switched to holes. For longer light exposure times (points 7 and 8), the Hall resistance remains nonlinear with a negative and positive Hall resistance at large and low magnetic fields, respectively. For even larger illumination times (not shown here), the nonlinearity of the Hall resistance remains and never reaches a simple linear trace as a signature of hole transport alone. The apparent nonlinearity of the Hall resistance is caused by the coexistence of electrons and holes.
Figures 3(a) and 3(b) depict the charge carrier densities and mobilities of both charge carriers, as obtained from a two-carrier model according to Ref. [19] , respectively. The results show the mainly n-type conduction before the R xx peak with an electron carrier density in the 10 11 cm −2 range, whereas afterward the p-type carrier density outweighs the n-type density. The charge carrier densities within the hole and electron regime (well above and below R xx,max ) are comparable. The significantly reduced mobility of holes compared to electrons (about a factor of 4), leads to the observable integer quantum Hall plateaus in the electron regime [see points 1 and 2, Fig. 2(b) ], the nonlinear Hall resistance in the electron regime with minority hole carrier densities, and the sign reversal of the Hall resistance in the hole regime. The electron mobilities in the hole-dominated regime are ∼35×10 3 cm 2 /V s and the hole mobilities in the electron-dominated regime are ∼10×10 3 cm 2 /V s [both not shown in Fig. 3(b) ]. Compared to mobility values reported in the literature, the electron mobility presented here is about one order of magnitude below reported values (see Refs. [14, 28] ), but the hole mobility compares well with other literature values [14] . Record mobilities reported in the literature were, however, obtained in heterostructures grown on GaSb substrates.
Under light exposure with the Red-LED, the charge carrier type can be switched from electrons to holes. At an illumination time of t ≈ 28 s, the Fermi energy lies within the gap and the longitudinal resistance becomes maximal. The illumination time depends on the light intensity, and optical tuning speed can be controlled over a broad time range. that the required illumination time to reach R xx,max can be reduced, if the Red-LED light power is increased. For the depicted measurement and for each light power, the Red-LED was switched on at t = 0 s and the Hall bar was illuminated permanently until R xx passes through R xx,max . The time to reach R xx,max , i.e., t, was recorded for each light power and is depicted in Fig. 4(a) . After recording t for a constant light power, the sample was heated up. After some time at elevated temperatures, the sample returns to its initial state and the next measurement with a different light power was performed. For low light powers, t is about 100 s and reduces to 0.6 s as the light power increases from 0.1 nW to 1 µW. From the fit function, a slope of −0.58 can be deduced. The previous reported time of 28 s corresponds to a light power of about 1 nW. Please note that the light power values are overestimated. The light of the LED was not focused on the Hall bar under study and only a fraction of the actual emitted light accounts for the optical tunability. Hence, light powers in the picowatt range should be sufficient.
We attribute the optical tunability to the interplay of negative persistent photoconductivity and the buildup of photogenerated charge carriers on the surface and substrate side of the device, respectively. Quantum well heterostructures composed of 6.1Å family semiconductors exhibit positive and negative persistent photoconductivity, depending on the utilized material, material composition, heterostructure layout, and photon energy [32] [33] [34] [35] [36] [37] [38] [39] [40] . In Refs. [33, 36, 37] , the authors study the evolution from positive to negative photoconductivity Via the back and front gate voltage, the system can be switched between the electron regime, the hole regime, the trivial insulating (NI) regime, and the topological insulating regime. In the presented device and under illumination, the Red-LED enables both a front and a back gating of the device, while the IR-LED only enables a back gating of the structure.
of AlSb/InAs/AlSb quantum wells dependent on the incident light energy. For photon energies above ≈1.55 eV, the authors show negative persistent photoconductivity which they attribute to photogenerated holes in the GaSb cap. At sufficient photon energies, i.e., above 1.55 eV, these holes can tunnel through the GaSb/AlSb barrier and accumulate at the InAs quantum well at which they recombine with electrons. This process leads to the depletion of electrons in the InAs quantum well, in analogy to the electric-field tuning via a negative front gate. This negative persistent photoconductivity has been also shown for GaSb/InAs films recently [41] . For lower photon energies, this process is absent (see Ref. [33] ) as the hole tunneling time exceeds the recombination time and the photogenerated electron-hole pairs recombine. The electrons are trapped within ionized donors in the GaSb cap region [33] . Figure 4 (c) depicts the scheme of this process. To test the hypothesis that photons with energies above and below 1.55 eV enable or disable a negative front gate operation, R xx was also recorded for a second light energy: IR-LED (1.32 eV). Figure 4(b) shows and compares the R xx time traces for both LEDs. Independent of the photon energy, the R xx traces increase over the light exposure time. However, two distinct differences can be observed. First, R xx,max is reached at much shorter time scales for the Red-LED compared to the IR-LED (about one order of magnitude). The timescale difference can be attributed to the light power difference. Second and more important, R xx remains at R xx,max for the IR-LED while for the Red-LED, R xx decreases after passing R xx,max . Hence, while the Red-LED switches the dominant charge carrier type from electron to hole after passing the gap region at R xx,max , the IR-LED trace stops within the gap region. This effect is analogous to a back-gate effect in the electric-field tuning picture. The back-gate operation of the presented device is attributed to electron-hole pair creation at the substrate side of the DQW. Under illumination with photons above the GaSb band-gap energy E gap ≈ 0.81 eV (true for both LED energies), electron-hole pairs are created on the substrate side of the DQW [see Fig. 4(c)] . A small built-in electric field is sufficient to effectively separate the electron-hole pairs. Electrons can accumulate in the AlSb/GaSb superlattice, while holes drift toward the substrate side at which they ultimately recombine. As electron-hole pairs are created via interband absorption, we expect that the back-gate effect can be observed also for IR excitation but at longer timescale due to the reduced absorption coefficient. Deduced control experiments on different sample layouts with different InAs quantum well widths (see Supplemental Material [30] ) confirm that the superlattice (SL) on the substrate side is essential to observe the charge carrier switching since without the SL, the back gating action is absent. From these control experiments, we further conclude that DX centers [40] or charge carriers created in the InAs or GaSb quantum well do not contribute to the optical switching. Figure 4 (d) shows a scheme of the phase diagram for frontand back-gate control, first calculated by Liu et al. [6] , and later shown experimentally in Ref. [14] . In the presented device, the Red-LED enables a back and front gate operation (as indicated by the arrow direction), while the IR-LED only enables backgate operation (also indicated by the arrow direction).
In summary, we studied the optical tunability of the dominant charge carrier type in the topological phase of InAs/GaSb double quantum wells. For low and large illumination densities, the majority charge carrier type is found to be electronand holelike, respectively. Under intermediate illumination densities, electron-hole hybridization occurs and the system switches to a nontrivial topological insulating phase with a gap. The interplay of negative photoconductivity of antimonide materials and the buildup of photogenerated charge carriers, respectively, enables a simultaneous control of the Fermi energy and electric field. The optically induced dual gating of InAs/GaSb double quantum wells amends for leakage currents in these materials and paves the way toward electro-optical devices based on topological materials. In particular, as the switching between normal (NI) to topological (TI) insulating phases requires both gate voltages to change, lateral NI-TI-NI interfaces would require spatially defined front-and back-gate electrodes. With the presented optical tuning, spatially defined back-gate electrodes can be envisioned via shadow masks and do not require selective underetching techniques or thinning of the substrate.
The work was supported by the DFG (Project Ka2318/5-1) and the Elite Network of Bavaria within the graduate program "Topological Insulators." Expert technical assistance by M. Emmerling and A. Wolf is gratefully acknowledged.
